The effects of relaxation stress on the hydrogen concentration in Niobium-(Nb-) H media were investigated by iterative numerical modeling approach. To calculate the transformation strain, relaxation stress, and corresponding relaxed hydrogen concentration around an edge dislocation, a new third-order polynomial formulation was utilized in the model. With the aid of this polynomial, hydrogen induced relaxation stress never exceeds the dislocation stress, which indicates that the total stress field never turns to compressive state and diverges the results. The current model calculates the hydrogen concentration not only in the vicinity of an edge dislocation but also far away from the dislocation. Furthermore, the effect of relaxation stress on the interaction energy was also captured in the model. Overall, the current findings shed light on the complicated hydrogen embrittlement mechanisms of metallic materials by demonstrating that hydrogen induced relaxation has a significant effect on the hydrogen atom concentration and the interaction energy between the existing internal stress field and the solute hydrogen atom.
Introduction
Hydrogen embrittlement (HE) is a severe material degradation mechanism which deteriorates the mechanical properties of materials [1] [2] [3] . Once hydrogen diffuses into a host matrix, materials usually fail at low stress levels when compared to their hydrogen free counterparts [4, 5] . Also, the tendency to HE is correlated with the strength of the material; that is, the higher the strength, the higher the susceptibility to HE [6, 7] . In order to use hydrogen as a clean energy source over fossil fuels, to utilize high strength steels in automotive and defense industries and to design safe hydrogen storage materials, the mechanism of hydrogen embrittlement should be understood thoroughly. Many researchers have focused on the degradation of tensile properties [8] , fracture toughness [6] , and fatigue crack rate of the materials [9] . Moreover, effects of alloying elements [10, 11] , hydrogen content [4, 12] , and grain size [13] on HE behavior of materials have been reported previously. However, despite the fact that HE has been investigated extensively since 1875 [14] , the exact mechanism of HE remains unclear.
Several candidate mechanisms have been suggested by different researchers to explain the HE phenomenon in materials and three of them acquired much attention, namely, hydride formation and cleavage [15] [16] [17] , hydrogen enhanced decohesion (HEDE) [18, 19] , and hydrogen enhanced localized plasticity (HELP) [20, 21] . The underlying principle of the hydride formation and cleavage mechanism is that hydride formation creates a local stress concentration and when the material cannot accommodate it plastically, sudden brittle fracture occurs [17] . Hydride formation and cleavage mechanism is the active mechanism for systems in which hydrides are either stable or can be stabilized with hydrostatic stress, such as zirconium (Zr), titanium (Ti), and Niobium (Nb) [22] . The second mechanism, HEDE, states that hydrogen weakens the interatomic bonds at the crack 2 Advances in Materials Science and Engineering tip and causes brittle or transgranular fracture [23] . The last mechanism, HELP, states that hydrogen in the host matrix increases the mobility of dislocations by reducing the barriers against dislocation motion or promotes the nucleation of dislocations and causes local instability in the plastic flow. HELP mechanism, which is based on both experimental observations and theoretical validations, is the most widely used HE mechanism. However, there is no single applicable HE mechanism to all materials: instead, each HE mechanism has different roles depending on the material and external factors. Moreover, coexistence of HE mechanisms, that is, HELP + HEDE, was observed both experimentally [24] [25] [26] and theoretically [27, 28] depending on the local hydrogen concentration and microstructure. Therefore, reduction of both effects would be needed to obtain higher resistance against HE. Hydrogen transportation process plays a crucial role in deciding which HE mechanisms are active during the deformation.
Once hydrogen diffuses into the material, it can locate either to normal interstitial lattice sites (NILS) or to reversible trap sites, depending on the trap binding energy and the occupancy of lattice/trap sites [29] . Specifically, hydrogen atoms tend to diffuse into the site which has greater binding energy [30] . Several microstructural heterogeneities, dislocations, vacancies, voids, inclusions, grain boundaries, and impurities can trap hydrogen and it has been demonstrated that hydrogen trapping plays a significant role for HE. Therefore, modeling the hydrogen distribution around a dislocation is of utmost importance in order to understand the underlying principle of HE.
Many of the previous studies have reported several hydrogen concentration distribution models [31] [32] [33] [34] . Consequently, it has been well known that accurate modeling of hydrogen concentration distribution both in the vicinity of a dislocation and remote from the dislocation should be carried out while investigating HE. However, there are only a limited number of studies investigating the effect of transformation on the relaxation stress and the corresponding hydrogen concentration. In particular, once hydrogen diffuses into the lattice and expands the lattice, the internal stress field around the hydrogen atoms changes during expansion and triggers volumetric strain and corresponding relaxation [32] . Even though different transformation strain formulations are available in the current literature, such as fourth-order [32] , first-order [35] , logarithmic [36] , and proportional [33] , to the best of the author's knowledge, a third-order polynomial formulation, which ensures faster decrease of the relaxation stress than the dislocation stress, has not been forwarded yet.
In this study, third-order polynomial formulation was proposed to calculate the hydrogen induced volumetric strain and the corresponding transformation strain and relaxation stress of hydrogen atoms introduced to the host matrix. With the aid of relaxation stress, hydrogen concentration distribution both in the vicinity of a dislocation and remote from the dislocation was calculated. Current results clearly show that the relaxation stress due to hydrogen is always less than the dislocation stress and demonstrate the effect of relaxation on the hydrogen distribution. The current model was applied to the Niobium-(Nb-) H media.
Theory and Calculations
Hydrostatic stress dependent hydrogen diffusion can be defined as [37] 
where is the local hydrogen concentration, is the time, is the diffusion coefficient of hydrogen, is the partial molar volume of hydrogen, ℎ is the hydrostatic stress ((1/3) ) in the neck of the specimen, is the gas constant, and is the absolute temperature. For the 2D axisymmetric model, (1) can be expressed as [37] = (
After neglecting hydrogen release from the specimen surface, which satisfies zero flux boundary conditions and assuming uniform initial hydrogen concentration, the stress distribution and the corresponding hydrogen diffusion can be calculated through finite difference method. The reader is referred to [37] for the details of the calculation method. It is wellknown that a tension triaxial stress decreases and a compression triaxial stress increases the chemical potential of hydrogen, and the hydrogen interstitial concentration around a dislocation is given by [37] [38] [39] [40] 
where 0 is the initial hydrogen concentration in a stress free region and int is an interaction energy. Once hydrogen diffuses into the matrix, it expands the lattice and causes the planar interaction energy between the hydrogen atom and the existing internal stress field, given by [38] 
The pointwise hydrostatic stress around an edge dislocation can be calculated as [32] 
The terms and define the cylindrical coordinate system with the positive edge dislocation at the origin, and is shear modulus, is Poisson's ratio, and is Burgers vector. Using the number of solvent lattice atoms per unit lattice volume, , the number of hydrogen atoms per solvent atom can be calculated as [33] = .
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where is the molar volume of the host metal. Transformation strain varies pointwise and can be calculated as [35] 
where is the Kroneckar delta. Hydrogen induced relaxation stress in the host matrix is proportional to the pointwise transformation strain, given by [32] = − ,
where is the pointwise components of the elastic stress tensor due to hydrogen and is the linear elastic modulus of the system. The mechanical equilibrium of the system in the absence of body forces is satisfied through [33] 
where is an arbitrary virtual variation of the quantity it precedes and is the volume of the system. The shear stress imposed on a positive edge dislocation due to the solute hydrogen can be calculated as [33] 
where is the outward unit normal vector and Δ is the strength of the dilatation line. After integration over the entire area , hydrogen induced net shear stress, , which can be calculated through (12) . The reader is referred to [33, 41] for the details of the calculation method.
where and are the inner and outer cut-off radii of the atmosphere surrounding the edge dislocation. Since there is a singularity at the dislocation core, inner cut-off radii should be greater than 0. The parameters and constants utilized in the current model for the Nb-H system are presented in Table 1 .
Results and Discussion
An iterative numerical model was proposed to calculate the hydrogen induced stress field and the corresponding hydrogen distribution around an edge dislocation. Even though Nb-H media were selected in the current study as a candidate system since it is well-studied and all related parameters are available in the literature, the model is applicable to all metallic materials. In calculating the hydrogen concentration profiles, the initial uniform number of hydrogen atoms per solvent atom, 0 , was taken as 0.1 in accordance with previous studies [32, 33, 35, 42] since it is a critical case to simulate the hydrostatic stress and the hydrogen concentration. The relaxation stress due to the introduction of hydrogen is always less than the magnitude of hydrostatic stress due to the dislocation (Figure 1 ). This result is in good agreement with previous studies [32, 33] . It should be noted that both dislocation and relaxation hydrostatic stresses at the dislocation core are infinite and they decrease dramatically after a few Burgers vectors from an edge dislocation. Moreover, in Figure 1 the absolute values of relaxation stress were displayed since it is originally negative. The effect of modified relaxation stress is much more pronounced in the vicinity of dislocation (∼800 MPa) and its effect decreases along the distance. Similar behavior was also observed in other studies [31, 32] . Furthermore, the difference between dislocation stress and modified relaxation stress is also greater at the regions close to the dislocation and it becomes negligible after a certain distance from the dislocation. However, hydrogen induced relaxation stress never exceeds the dislocation stress, which indicates that the total stress field never turns to compressive state. Figure 2 shows the contours of normalized initial hydrogen concentration around an edge dislocation in Nb matrix. Note that the sign of the Burgers vector of dislocation is positive. Relaxation effect was not considered while calculating the initial hydrogen concentration. In particular, hydrostatic stress distribution around the defined dislocation region was calculated to find the interaction energy between the solute hydrogen atom and the existing internal stress field. Using the calculated interaction energy and assuming nominal hydrogen concentration 0 = 0.1, corresponding numbers of hydrogen atoms per unit volume and per host atom were modeled. Hydrogen distribution around the dislocation was normalized with respect to the initial number of hydrogen atoms per solvent atom. Hydrogen concentration was modeled not only in the vicinity of an edge dislocation but also far away from the dislocation (Figure 3 ). The hydrogen distribution around an edge dislocation is symmetric with respect to the dislocation plane mainly due to the symmetry in the hydrostatic stress field of dislocation. Similar hydrogen distribution behavior was also reported in previous studies [32, 33, 42] . It was also reported that the hydrogen segregation ratio was enhanced at the tip of pile-up due to cumulative hydrostatic stress fields of dislocations [42] . Figure 3 shows the contours of normalized relaxed hydrogen concentration around an edge dislocation in Nb matrix. Note that the sign of the Burgers vector of dislocation is positive. Specifically, dilatation strain around the dislocation region was calculated based on third-order polynomial formulation and corresponding transformation and relaxation stress values were calculated by iterative method until the error converged to 10 −5 . Hydrogen induced relaxation stress was implemented into the hydrostatic stress distribution due to dislocation to calculate the modified interaction energy and the corresponding relaxed hydrogen concentration, which were then normalized with respect to the initial hydrogen atoms per solvent atom. Note that while calculating the relaxation stress, the effect of uniform strain contribution was disregarded and only pointwise transformation strain was taken into account since the elastic modulus of Nb is high enough to induce much more hydrogen induced transformation strain than uniform strain. Using iterative approach, relaxed hydrogen concentration both around an edge dislocation and far away from the dislocation was captured. Specifically, no normalized high hydrogen concentration greater than 5 was allowed under relaxation effect all around the dislocation region. In the vicinity of an edge dislocation, solute normalized hydrogen concentration was reduced to half of its initial value with the aid of hydrogen induced relaxation stress. Furthermore, as the distance from the core of an edge dislocation increases, the difference between the relaxed hydrogen concentration and the initial hydrogen concentration becomes smaller so that the effect of relaxation stress on solute hydrogen concentration decreases since the solution becomes more dilute with distance. The results correspond well with the previous studies on Nb-H media, in which different dilatation and transformation strain modeling were carried out [30, 32] . The interaction between hydrogen atom and dislocations can change the mechanical properties of materials dramatically. Therefore it is significant to model the hydrogen concentration (Figures 2 and 3 ) in the material in order to determine these interactions and corresponding results. It is known that hydrogen atom shields the elastic interactions between dislocations and obstacles and enhances the dislocation mobility (HELP mechanism). Inhomogeneous distribution of hydrogen concentration around dislocations can also start dislocation avalanches and mobile dislocations can sweep hydrogen atoms around dislocations (Figures 2 and 3) to the grain boundaries during deformation. Once dislocations reach the grain boundary they can distort it and create surface steps, which may turn into grain boundary cracks. Transported hydrogen can locate to these steps and presence of hydrogen on grain boundary reduces cohesive energy, which depends on the segregated hydrogen content, and enhance brittle intergranular fracture which is more pronounced at higher local hydrogen concentrations. (HEDE mechanism and the proposed mechanism in the author's former paper [7] ). Moreover coexistence of different HE mechanisms (e.g., HELP + HEDE) may also be observed depending on the local hydrogen concentration. Figure 4 shows the initial and modified interaction energies between the existing internal stress field and the solute hydrogen atom as a function of distance from the core of an edge dislocation. In both cases, the magnitude of interaction energy first increases and then decreases and becomes negligible after a certain distance from an edge dislocation. This behavior is mainly because when the dislocation approaches the solute hydrogen, the distance between the dislocation and the hydrogen atom becomes smaller, and the interaction energy between an existing internal stress field and the solute hydrogen atom increases. Consequently, when the dislocation passes the solute hydrogen atom and glides along the slip plane, the distance between the dislocation and hydrogen atom becomes larger and the interaction energy between an existing internal stress field and the solute hydrogen atom decreases. The interaction energy becomes nearly zero after a certain distance, which results in no further expansion in the lattice due to hydrogen. The schematic representation of solute hydrogen and dislocation-hydrogen system is given as an inset in Figure 4 . When the relaxation stress due to hydrogen atom was taken into account, the hydrostatic stress and the corresponding interaction energy values decrease. Therefore, the magnitude of initial interaction energy becomes greater than the magnitude of relaxed interaction energy due to the introduction of solute hydrogen atom into the lattice.
A similar interaction energy trend due to solute hydrogen was also observed in the previous studies [33, 43] .
Conclusion
In this study, the effects of relaxation stress on the hydrogen concentration in Nb-H media were investigated by iterative numerical modeling approach. A unique third-order polynomial formulation was used to calculate the transformation strain, the corresponding relaxation stress, and the relaxed hydrogen concentration around an edge dislocation. From the work presented herein the following conclusions can be drawn:
(1) Hydrogen induced relaxation stress, calculated based on the third-order polynomial formulation, never exceeds the dislocation stress throughout the whole dislocation region. Hence, total stress field never turns to compressive state.
(2) The hydrogen induced relaxation stress is dominant in the vicinity of an edge dislocation, whereas its effect decreases with increasing distance from the core of the dislocation. Specifically, hydrogen relaxation stress reduces the corresponding hydrogen concentration around 50% in the vicinity of an edge dislocation. Consequently, the effect of relaxation stress on solute hydrogen concentration decreases since the solution becomes more dilute with increasing distance.
(3) As the dislocation glides on the slip system, the magnitude of the interaction energy between the existing internal stress field and the solute hydrogen atom increases until the distance between the dislocation and the solute hydrogen reaches a minimum. Further dislocation glide decreases the magnitude of the interaction energy and at the saturation it becomes nearly zero, which results in no further expansion in the lattice due to hydrogen.
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